, an analogue and precursor of reduced glutathione, has been in clinical use for more than 30 yrs as a mucolytic drug. It has also been proposed for and/or used in the therapy and/or prevention of several respiratory diseases and of diseases involving an oxidative stress, in general. The objective of the present study was to evaluate the effect of long-term treatment with NAC on influenza and influenza-like episodes.
N-acetylcysteine (NAC) was introduced in the 1960s as a mucolytic drug, due to its ability to cleave disulphide bridges in mucous protein complexes and, thus, depolymerize mucin molecules. Subsequently, it was discovered that NAC is an effective antioxidant and enriches the intracellular sulphydryl pool, acting as a precursor of reduced glutathione (GSH), which provides the organism with crucial defence mechanisms towards toxic agents of various nature [1] . Uptake of extracellular GSH occurs largely, if not entirely, by pathways involving prior breakdown of GSH to dipeptides and amino acids, their subsequent transport into the cell, and intracellular synthesis of the tripeptide [1] . In contrast, NAC easily penetrates cell membranes and, unlike cysteine, which is the rate-limiting amino acid in GSH synthesis, has a very low toxicity [2, 3] . Therefore, the possible clinical applications of NAC cover several pathological conditions involving oxidative stress, including acute and chronic bronchitis, acute respiratory distress syndrome (ARDS), and certain cardiovascular diseases [3, 4] .
Studies carried out in Italy [5, 6] , Sweden [7, 8] , the UK [9, 10] , and Germany [11] provided evidence that prophylactic treatment with NAC reduces the incidence and duration of exacerbations in chronic bronchitis. This effect was ascribed not only to the mucolytic action of NAC and to the improved mucociliary clearance but also to an enhancement of antioxidant lung defences [3] , and to modulation of virulence factors of the intrabronchial bacterial flora [12] .
The generation of free radicals by phagocytes involved in the inflammatory process and alterations of the immune response play a key role in viral infections, thereby explaining the clinical manifestations resulting from the cytotoxic damage in virus-infected tissues [13, 14] . The main symptoms in the influenza virus disease arise from the cytopathic effects in the epithelial cells lining the respiratory tract, and additionally from the release of immunoactive mediators, which trigger the cascade of events directed towards elimination of the virus [15] . At the same time, these mediators, including cytokines, such as interleukins (ILs), interferon-gamma (IFN-γ) and the tumour necrosis factor (TNF), have pleiotropic effects both locally and systemically [16] . The influenza virus disease is in fact associated with symptoms, such as asthenia and lack of appetite, which suggest an involvement of TNF, whose generation in phagocytes activated by the virus is further enhanced by the possible presence of even small traces of fragments of bacterial origin, such as lipopolysaccharides (LPS). This may explain the severe complications that frequently occur in combined influenza virus and bacterial infections [17] .
These pathogenetic patterns provide the rationale for a clinical use of antioxidants in viral infections, aimed at normalizing the altered cell redox equilibrium, and at preventing and/or treating the clinical manifestations of immunological dysfunctions [18] . In this context, NAC has been assayed in experimental infection by influenza A viruses and has been shown to reduce the severity of the disease in mice [19, 20] .
The present multicentric study, referred to as the NACIS study (acronym for N-acetylcysteine in Immune System), was designed in order to evaluate the efficacy of NAC, administered orally throughout the cold season, in preventing the occurrence and reducing the severity of influenza-like episodes in general, and specifically those caused by the influenza A/H 1 N 1 virus. Another goal of this study was to assess the effect of NAC treatment on cell-mediated immunity.
Materials and methods

Design of the study
A multicentre study was designed according to a controlled, randomized and double-blind model. The study was authorized by the Italian Ministry of Health (Authorization No. 800.C.35/75.828 dated October 1, 1991) and was approved by the Ethics Committees of all participating institutions. The study complied with the declaration of Helsinki, in the Hong Kong (1989) revision. Informed consent was received from all subjects prior to randomization in one of the two treatment groups.
The 20 participating Centres were distributed over the whole country, in order to cover possible variations related to geographically uneven socioeconomic, climatic and epidemiological situations.
Subjects
A total of 262 individuals of both sexes were recruited (table 1) . Patients suffering from chronic respiratory diseases were not eligible, in order to avoid possible confounding by an effect of NAC on respiratory symptoms. The criteria for eligibility were: the presence of chronic degenerative diseases (other than those of the respiratory tract) in subjects aged ≤64 yrs; or aged ≥65 yrs (irrespective of the presence of chronic nonrespiratory diseases). Overall, people of ≥65 yrs accounted for 78% of subjects recruited. Subjects having been vaccinated against influenza in the same season or in the previous season were not eligible. As shown in table 1, sex and age, as well as anthropometric, lifestyle and clini-cal characteristics of the subjects randomized in the placebo group and in the NAC group were well matched, without any statistically significant difference between the two treatment groups.
Treatments
Effervescent tablets of NAC (Fluimucil; 600 mg·tablet -1 ) or of its excipient (placebo), whose appearance was indistinguishable from that of the drug, were prepared by Zambon Group (Bresso, Milan, Italy). Each batch, containing the 360 tablets sufficient to treat each individual for a period of 6 months (two tablets per day, after breakfast and at bedtime), was labelled and coded with a sequential number, corresponding to the randomization created by the computer. Randomization by blocks of four subjects was made within each Centre. Each Centre was provided with drug samples sufficient to treat a number of subjects, ranging 12-16. The overall requirement of drug was divided into 6 monthly batches, which were assigned to each subject at the time of his/her first enrolment and at subsequent medical examinations. In order to check compliance with treatment, the subjects were instructed to hand back unused tablets at each examination. The NAC dosage was chosen based on the extensive clinical experience showing the high tolerability of this drug, even at much higher doses than those commonly prescribed as a mucolytic agent [2, 3] . (11) Data are presented as mean±SD and range in parenthesis, or as absolute value and percentage in parenthesis. NAC: N-acetylcysteine; M: male; F: female; CNS central nervous system.
Treatment started either in October or November 1991, and was planned to continue for 6 months, i.e. until April or May 1992, respectively. The use of drugs for symptom relief, such as antipyretics, was left to the discretion of the attending physician, who registered all such treatments in the case report forms. In the meantime, those subjects who suffered from chronic degenerative diseases were allowed to continue the treatments for controlling their basal pathological condition. Use of immunomodulants, vitamins or antioxidants was, however, prohibited.
Clinical evaluations
Each subject was supplied with a personal diary card, and instructed to fill in any sign and/or symptom suggestive of an influenza-like episode, based on a suitable check list. Influenza-like episodes were assessed based on the presence of two or more of the following signs and/or symptoms: fever (≥38°C), asthenia, lack of appetite, headache, myalgia/arthralgia, coryza/rhynorrhoea, sore throat, catarrh and cough. At monthly intervals, the clinicians evaluated the diary card and performed a complete medical examination. The patients were also asked to contact the clinicians soon after the onset of any sign or symptom, and, whenever necessary, additional clinical examinations were performed.
A severity score was constructed for each episode, on the basis of the recorded data and of clinical evaluation, by ascribing score 1 to each sign or symptom, except for fever (≥38°C), to which score 2 was ascribed. Episodes with total scores of 2-3, 4-5 and >5 were classified as mild, moderate and severe, respectively. Moreover, information was available on the duration of each episode, length of time in bed, and symptomatic therapy, when needed. In order to evaluate tolerability to treatments, any side-effect occurring during the observation period was carefully recorded.
Additionally, blood samples were collected at the start and at the end of the 6 month follow-up period, in order to assess routine haematological and biochemical parameters.
Immunological evaluations
Antibodies towards the A/H 1 N 1 Singapore 6/86 influenza virus were measured by haemagglutination inhibition in basal and final blood serum samples from all subjects evaluable in the study, using a standard procedure [21] . An increase in antibody titre of ≥fourfold in the final serum sample, compared to the basal sample, was considered to be indicative of a specific seroconversion.
Cell-mediated, delayed sensitivity was evaluated in all subjects at the time of enrolment and after 1, 3 and 6 months by using a skin applicator in polyacrylic resin, loaded with seven antigens (tetanus, diphtheria, Streptococcus group C, tuberculin, Proteus mirabilis, Tricophyton mentagrophytes and Candida albicans) and their carrier (glycerol) (Multitest IMC, Istituto Merieux Italia, Rome, Italy). The results were read 48 h after the application and expressed in terms of "average composite score", which takes into account the number of positive anti-gens and the diameter of the skin reaction. In particular, the subjects were classified as: anergic in case of total absence of skin reactivity to any antigen; hypoergic in case of skin reactivity to ≤2 antigens yielding a cumulative skin reaction diameter <10 mm; and normoergic in case of skin reactivity either to ≥3 antigens or ≥2 antigens when the cumulative skin reaction diameter was ≥10 mm.
Statistical analysis
Comparisons of data in the placebo group and in the NAC group were made by Student's t-test in case of continuous variables (e.g. age, duration of treatment, etc.), after having checked for normality of distribution, and by Chi-squared (χ 2 ) analysis in case of nominal variables expressed as frequencies. All statistical procedures were run in a Macintosh Quadra 840/AV PC using the SPSS International program. A p-value of less than 0.05 was considered significant.
Results
Compliance and tolerability
Compliance to treatment was quite satisfactory, since 93% of subjects receiving the placebo and 94% of NACtreated subjects took more than 80% of the allotted drug (table 2) .
The treatment with 600 mg NAC twice daily was well tolerated in the large majority of subjects, with only 9% Data are presented as mean±SD and range in parenthesis, or as absolute value and percentage in parenthesis. *: drug or placebo intake ≥80%. NAC: N-acetylcysteine. † : significantly lower than in the placebo group (p=0.0006), as assessed by Chi-squared analysis.
reporting adverse events, a figure which was not significantly different from that of the placebo group (5%). None of the individual adverse events reported in table 2 was significantly different in the two groups, and only 3% (NAC) and 2% (placebo) of subjects dropped out due to the occurrence of adverse events. All laboratory end-points monitored and main vital parameters, such as cardiac frequency and arterial pressure, were unchanged at the end of the study compared to the start. In the placebo and the NAC group 19% and 14%, respectively, were lost to follow-up before the end of the study, but only 5% in each group could not be evaluated due to early drop out, before the first control. Thus, overall, only 14 of the recruited subjects (seven per group) could not be evaluated for the efficacy of treatment (table 2) . The average observation time for the evaluable subjects was 166 days in both groups, 224 subjects (90%) remaining under clinical observation for 5 months, and 192 subjects (77%) for 6 months, i.e. until the expected end of the study. Table 2 reports the frequencies of cases displaying an influenza-like symptomatology, according to the criteria indicated in "Materials and methods". The overall frequency of patients suffering from influenza-like episodes out of those evaluable for efficacy was significantly lower (p=0.0006) in NAC-treated subjects (29%) than in placebo-treated subjects (51%). It is noteworthy that, at the beginning of the study, none of the subjects recruited was suffering from respiratory symptoms.
Frequency of influenza-like clinical cases
When analysing the influenza-like episodes on a monthly basis ( fig. 1 ), the differences between NAC-treated and placebo-treated subjects became sharp and statistically significant during the seasonal period of highest incidence of this type of disease, i.e. after 2 months (12 versus 21%; p=0.046), 3 months (13 versus 30%; p=0.001), and 4 months (6 versus 16%; p=0.006). The difference was still evident but not statistically significant after 5 months (5 versus 9%) and 6 months (2 versus 5%).
Severity of influenza-like clinical cases
Of the 99 influenza-like episodes occurring in 62 subjects within the placebo group, 47 (48%) were classified as mild, 46 (47%) as moderate, and 6 (6%) as severe, according to the criteria reported in "Materials and methods". Of the 46 influenza-like episodes occurring in 37 subjects within the NAC group, 33 (72%) were classified as mild, 12 (26%) as moderate, and 1 (2%) as severe. As assessed by χ 2 analysis, the frequency of mild forms was higher in the NAC group than in the placebo group, with a difference approaching the significance threshold (p=0.06), whereas the frequency of moderate forms was significantly higher in the placebo group than in the NAC group (p=0.02). The differences were particularly pronounced by mid-season, after 3 months of treatment, when mild, moderate and severe episodes were 9, 22 and 3 in the placebo group and 8, 4 and 0 in the NAC group, respectively (p=0.002), and after 4 months, when mild, moderate and severe episodes were 10, 6 and 0 in the placebo group and 3, 0 and 0 in the NAC group, respectively (p=0.006).
When computing the number of episodes with more specific influenza-like symptoms ( fig. 2) , it was evident that treatment with NAC had a marked and significant protective effect both towards local symptoms, such as coryza, rhinorrhoea, sore throat, catarrh and cough, and general symptoms, especially headache and myalgiaarthralgia.
An additional criterion for evaluating the severity of influenza-like episodes was the length of time in bed which, irrespective of the age of patients, was remarkably shorter in NAC-treated subjects. In fact, in the 10 subjects suffering from influenza-like episodes who were *: p<0.05; + : p<0.0001, significance of difference between the frequency of symptoms in the NAC group and the placebo group, as assessed by Chi-squared analysis. Note that the data reported in this figure also include isolated signs and/or symptoms whereas, as indicated in "Materials and methods", episodes are assessed based on the presence of at least two signs and/or symptoms. not bedridden, nine were under NAC treatment. The proportion of patients on NAC treatment was 10 out of 12 patients bedridden for 1 day, 10 out of 20 bedridden for 2 days, eight out of 25 bedridden for 3 days, six out of 24 bedridden for 4-5 days, and only three out of 25 bedridden for more than 6 days. The mean duration of time in bed confirmed that the severity of the disease was consistently and remarkably lower in NAC-treated subjects, with statistically significant differences after 2 months (mean±SD: 1.8±2.0 days in the NAC group versus 3.2±1.0 days in the placebo group; p<0.05, as assessed by Student's t-test), 3 months (1.3±1.7 versus 3.2±1.4; p<0.01), 4 months (0.9±1.2 versus 2.5±1.1; p<0.001), and 5 months (0.7±0.8 versus 1.8±0.8; p<0.01). In more than half (55%) of the episodes recorded in both groups no symptomatic therapy was applied. In the other cases, antipyretics such as aspirin and paracetamol were administered after recording the symptoms, with an almost identical frequency in the two groups. Antibiotics were used, either alone or in association with antipyretics, in 21 and 15% of the patients treated with placebo and NAC, respectively, and mainly in elderly subjects at a higher risk for bacterial complications. In no case was hospitalization needed, and no death was recorded in either group throughout the duration of the study.
Frequency of influenza infection and disease
Of the 248 subjects evaluable for assessing the efficacy of the treatments, 65 (26%) underwent seroconversion towards the A/H 1 N 1 Singapore 6/86 virus. The frequencies of seroconversion were similar in the placebo group (24%) and in the NAC group (29%). However, as shown in table 3, there was a striking protective effect with respect to the clinically apparent disease. In fact, only 25% of the virus-infected subjects under NAC treatment developed a symptomatic form, versus the 79% in the placebo group (p<0.0001). On the other hand, among the subjects who failed to undergo seroconversion towards the same virus, the proportion of symptomatic cases was lower in the NAC group than in the placebo group, but not to a significant extent. Figure 3 reports the results concerning cell-mediated immunity, which was evaluated at the beginning of the study (November or December, 262 subjects), one month later (December or January, 248 subjects), 3 months later (February or March, 235 subjects), and at the end of the study (April or May, 210 subjects). At the beginning of the study, the distribution of subjects according to cell-mediated reactivity was quite similar in the placebo group and in the NAC group. Thereafter, a timerelated shift of anergic condition to normoergic condition was observed in the NAC group, with variations that were statistically significant throughout the period of observation, as compared to the basal situation. In contrast, there was no significant variation in the placebo group. At the end of the study, the frequency of subjects with anergy was significantly lower in the NAC group than in the placebo group.
Effect of NAC treatment on cell-mediated immunity
Discussion
The results of the NACIS multicentric study confirmed the safety and tolerability of the oral administration of NAC, even at rather high daily doses (1,200 mg·day -1 ) and for six consecutive months covering the cold season. Evidence was provided for the first time that, compared to subjects receiving a placebo, the occurrence of influenza-like episodes was significantly decreased by NAC treatment in a population sample which was mainly composed of elderly subjects and patients suffering from chronic, nonrespiratory diseases. Prevention by NAC of influenza-like symptomatic episodes was particularly evident during the winter season (December 1991 to March 1992), i.e. the period of maximum spread of viral respiratory diseases, including influenza in Europe [22] . In addition, the severity of episodes was significantly attenuated in NAC-treated subjects, as inferred from the scores adopted for evaluating the clinical severity as well as from the mean length of time in bed, which was sharply shortened in patients treated with NAC. The frequency of seroconversion towards the A/H 1 N 1 influenza virus, which had not appreciably circulated in Italy during the previous two seasons [23, 24] , was not affected by treatment, which indicates that administration of NAC failed to prevent subclinical infections. However, NAC prevented the symptomatic forms caused by A/H 1 N 1 influenza virus quite efficiently, since the large majority of infected subjects in the placebo group (79%) developed clinically apparent disease, versus only 25% in the NAC group.
It is noteworthy that NAC was successful in significantly preventing most symptoms related to influenzalike episodes, including local symptoms in the respiratory tract, such as coryza, rhinorrhoea, sore throat, catarrh and cough, and general symptoms, such as headache and myalgia-arthralgia. These patterns suggest that the protective effects of this thiol do not merely depend on its mucolytic action but are likely to be additionally ascribed to other mechanisms, such as antioxidant and immunomodulating mechanisms. The hypothesis had already been advanced 30 yrs ago that NAC protected experimental mice from influenza A virus by unknown mechanisms other than the physical removal of virus particles following clearance of liquefied mucus [19] . In the same animal model, the levels of xanthine oxidase in serum and lung, and the levels of xanthine oxidase, IL-6 and TNF in bronchoalveolar fluid were considerably enhanced by influenza A virus infection [20] .
The attenuation of influenza-like symptoms in subjects under NAC treatment was accompanied by modulation of the cell-mediated immunity. At the start of the study, there was a rather high prevalence of anergic and hypoergic subjects, which reflects the age composition of the population under study [25] . Treatment with NAC produced a progressive shift from anergy to normoergy in a significant number of subjects, whereas no such effect was observed in the placebo group. These findings appear to confirm, in a clinical study, the experimental evidence concerning the immunomodulant properties of NAC [26, 27] . In addition, NAC is known to play a regulatory role on the immune system by modulating production and release of cytokines [18] , which is crucial in the case of TNF, whose excessive production contributes to the cytotoxic effects occurring in virus-infected tissues as well as at a systemic level [16, 17] . These mechanisms are particularly important in elderly subjects and/or in patients affected by chronic pathological conditions, as was the case for the subjects investigated in the present study. The above categories of subjects are well-known to be particularly vulnerable in case of influenza and other viral respiratory diseases, due to a general impairment of defences, including a loss of antioxidants and a reduction of immunocompetent system functionality [25, 28] .
In conclusion, long-term treatment with oral N-acetylcysteine during the cold season appears to significantly attenuate the frequency and severity of influenza and influenza-like clinical episodes in elderly subjects and/or patients suffering from chronic nonrespiratory diseases. The absence of chronic respiratory diseases was chosen as a criterion of eligibility in order to avoid biases, which may have resulted from the basal disease as well as from the mucolytic activity of this drug. N-acetylcysteine can be expected to be even more beneficial in patients suf-fering from chronic obstructive pulmonary diseases, in whom this thiol has already been shown to reduce frequency and severity of exacerbations [5] [6] [7] [8] [9] [10] [11] . Our study shows that the use of a highly tolerable drug such as N-acetylcysteine during the cold season is especially advisable in elderly people and high-risk individuals. This may be combined with the vaccine formulated each year to include the most recent isolates of influenza viruses. At variance with the vaccine, the pharmacological prophylaxis is not virus-specific and may provide a broad-spectrum protection.
